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SUMMARY

An investigationwasundertakentodeterminetheeffectof
loca$ionof impactdamageonthefatiguestrerigthof jet-engine

typeand
compres-

sorblades.First-stagecompressorrotorbladesfroma production
enginewhichhadsufferedforeign-objectdamagewerefatiguetested.
Theresultsshowedthatthemostseriousdamagetotheblades,asmeas-
uredby thereductioninfatiguestrength,wasnicksattheleadingand

d trailingedgesinthevicinityofthemaximum-tibratory-stresssection
Av oftheairfoil.Thefartherthedamagewasfromthissection,the

smallerwasthedecreaseinbladestrength.Nicksanddentsonthepressure
surfaceoftheairfoilawayfromtheleadingandtrailingedgesdidnot
reducethestrength.Dentswerelessseriousthannicks,andthe,
strengthofdentedbladescouldbe restoredby reworkingthem.The
strengthofseriouslynickedbladescouldnotbe reliablyrestoredby
reworking.

INI!RODUCTION

Oneofthemainproblemstodayinthemaintenanceofaxial-flowjet
enginesisimpactdamageto compressorbladesduetoforeignobjects.
Largeobjectssuchas enginepartsortoolsaccidentallyleftinthe
inletductingcancausealmostinstantaneousdestructionofthecompres-
sorwhentheengineis started.Smallerobjectssuchaspebblesand
metalparticlescancausedamagetoa bladethatisonlya slightnick
ordentbarelyvisibletothenakedeye;yet,thisdamagecanresultin
a largelossinthefatiguestrengthoftheblade.Ifrunningis con-
tinuedwitha damagedblade,fatiguefailuremaY result(becauseof
theprevalenceofrepeatedstressesincompressorblades)andcause
a chainreactionofbladefailures.

Theinstallationofinletscreensas advocatedinreference1 would
. probablypreventlargeobjectsfromenteringthecompressor,butwould

notsolvethedamageproblemcausedby smallforeignobjects.A very
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finemeshscreencannothe used,becausethedragwouldbe excessiveand
theairweightflowwouldbe seriouslyreduced.Thereis,therefore,a
minimumpracticalsizeof screenmeshwhichcanbe used. Manyobjects
capableofdamagingbladescanpassfreelythroughthesesmallscreen
openings.

Anotherproposaltominimizecompressorfailureofthistypeisto
inspectenginesmorefrequentlyandtherebydetectdamagedbladesbefore
failureoccurs.However,theinspectorscouldnotrejecteverycompres-
sorwitha minutebladedefect,ortheresultwouldbe theoverhaulingof
almostalljet-engineaircraftaftera fewhoursofflightoperation.
Themeritofthisapproach,therefore,dependsuponanaccurateknowl-
edgeoftheeffectofdamageofvariousdegreesandinvariouslocations.

A thirdsolutiontotheforeign-objectdamageproblemwouldbe to
makemoreruggedcompressor’bladeswithgreaterresistanceto impactdam-
age. Heretoo,themeritoftheapproachisdependentupontheknowl-
edgeoftheeffectofdamage,andtheefficientuseofmaterialsthat
aremore.resistantto impactdamage.

Boththeinspectorandthebladedesigner,therefore,requiremore
informationontheeffe@offoreign-objectdamageonbladestrength.
Theinspectorneedstoknowwhattypeofdamagetolookfor,andwhereto
lookforit,andinordertodetisea moreruggedblade,thedesigner
shouldbow wherethebladeismostsensitivetodsmagefromthestand-
pointoflossof strength.

An investigationwasundertakento”determinetheeffectsofimpact
damageonthefatiguestrengthof compressorblades.Thefactorsinves-
tigatedwerechordwiseandspanwiselocation,depth,andtypeofdsmage,
andalsotheeffectofrewor~ngbladeswithdifferenttypesofdamage.
Fatiguestrengthwasthecriterionusedtodeterminetheextentofdam-
agetoblades,becausefatigueistheprincipalcauseof compressorfail-
urein jetengines.

Bladesthathadsufferedimpactdsmagewhilebeingruninan engine
werefatiguetested.ltcomthetestresultsitwasdeterminedwhatparts
ofthebladeweresensitiveto impactdamageandtheeffectsofthesize
andtypeofthedamage.Someofthebladeswereusedto seehowrework-
ing,such.asfiling,sanding,andstraighteningoutthedamage,affected
thestrength.

TO evaluatetheextentofdsmage,thenumberof cyclesthatyroduces
failureata constantstresslevelwasdetermined.Theinvestigationwas
limitedby thenumberofdsmagedbladesavailableandtherangeofthe
damagesuffered.Thebladedsmageinvestigatedwaswhatcouldnormally
be expectedto occurInpracticeratherthansomethingartificially
imposedontheblade.
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Thisinvestigationwasconductedwithrotorbladesfromanaxial-
flowengineinwhichmostofthecompressorbladeshadsufferedsome
impactdamage.

Theenginewasofa typeusedinlargequantitiesby themilitary
servicesandwasreceivednewforuseina staticteststandforresearch
unrelatedtotheforeign-objectdamageproblem.Althoughtheenginewas
equi~edwithan inletscreen,duringoperationa foreignobjecthad
enteredthecompressor.Theexactsizeandnatureoftheobjectwere
unkno~m,but,judgedfromthetypeofdamageitcaused,itwassmaU,
hard,andsharpedged.

Fortyfirst-stagecompressorbladeswhichhadbeendamagedto some
extentwereremovedfromtherotorandusedforthisinvestigation.One
ofthebladesis showninfigure1; someweremoreandotherswereless
severelydamaged.Thedamagedefectsweredistributedoverthepressure
surfacesandtheleadingandtrailingedgesoftheairfoils.Noneofthe
bladessuffereddamageonthesuctionsurface.Inthisreport,breaksor
tearsinthesurfaceofthemetalarecallednicks,whereassurfacede-
formationswithoutbreaksaretermeddents(fig.2).

Thefirst-stagebladeswerefabricatedfromtype403stainlesssteel
whichhadbeenheattreatedto a RockwellB hardnessofa~roximately

104. Theairfoilsofthesebladeswereabout~~incheslongandthebase
1

chordlengthwas1:inches.

Thebladeswereexcitedinthefirstbendingmodeby an airblast
froma nozzledirectedat thebladetips(fig.3). Thebladesweremount-
ed ina clampboltedtoa bedplate.Boltsweretightenedagainstthe
bottomofthebladeroot.Thiswasdoneto impose,as closelyaspossi-
bleinthetestrig,thesameclampingactionagainstthebladeroot
thatoccursduringactualengineoperation.

Thetipdeflectionsofthetibratingbladesweremeasuredwithan
opticalextensometer.Thenaturalfrequencyof eachbladewasmeasured
withtheaidofan inductionpickup.Thepickup,mountedona frame,
washeldclosetothebladetip. Thesignalfromthepickupwasfedinto
an oscillographandthenaturalfrequencywasdeterminedwithan
oscillator.

Torecordthenumberofcyclestofailureforeachblade,thein-
ductionpickupwasalsoconnectedtoa frequencymeteranda chartre-
corder.Whenthebladebegantofail,thefrequencyasrecordedonthe
chartwoulddropoffsharply.Thisequipnentenabledtherigtobe run
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continuouslywithoutconstantobservationuntilthebladefailedor100
millioncycleswerereached.Anotherchartrecorderwasusedto record
theair-pressurevariationsduringthefatiguetests.Itwasfoundthat
themaximumvariationinairpressurewasonly0.5percentduringperiods
of severaldays. Theuseoftheair-pressurerecorderwastherefore
discontinuedinlatertests.

Thestressdistributionalongthespanof anundamagedbladewas
determinedwithresistance-wirestraingages,andthetipdeflection
wascalibratedagainstmaxhumstresswiththestraingages.

Thedepthsofthedefectsweremeasuredwitha toolmaker’s
microscope.

PROCEDURE

ReasonforFatigue-StrengthTesting

Fatigue-strengthtestingwasthebasisonwhichthelossofblade
strengthdueto damagewasevaluated,becausemechanicalfatiguedueto
rotatingstallor stallflutter,particularlyatpart-speedoperation
istheprincipalcauseof compressorfailurein jetengines.

No tensilecomponentwasaddedto thebladetests,becauseatthe
speedatwhichthemaximumvibrationsoccurinthisengine,thecentrif-
ugalstressis comparativelysmall.At ratedspeedthecentrifugal
stressinthecritical-ormaximum-vibratory-stresssectionoftheair-
foilis19,300psi. A vibrationsurveyoftheenginefromwhichthese
bladesweretakenshowedthatat thespeedatwhichthemaximumvibra-
tionoccursthecentrifugalstressisonly43percentofthatatrated
speed.

To findtheeffectofthecentrifugalstresson
a modifiedGoodmandiagram(fig.4)wasconstructed.
stateormeanworkingstressof 8300psi(43percent
maximumworkingstressfromfigure4 is 72,000psi.

thefatiguestrength,
Forthesteady-
of19,300psi),the
Theallowable

vibratorystressisthenA63,700psi(72,000psi- 8,300psi). The
fatiguestrengthofthebladewasreducedonly6.4percentby centrifugal
force.

At thespeedofthemmzbnumvibrationsthegasbendingstressis
7100psi. Thetotalsteady-statestressesaretherefore1.5,400psi
(7100psi+ 8300psi),andthereductionintheallowablefatigue
stressdueto theconibinedgasbendingandcentrifugalstressesis
10.9percent.Thereasonfornotimposinga static-stresscomponenton
thebladesto simulatethegasbendingandcentrifugalforceswasthe
complexityrequiredto addtheseloadsandstiU be abletovibratethe
blade.

w
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shouldalsobe pointedoutthatthestatictensileandstatic
strengthsarerelativelyinsensitiveto stressraisersinthe
materialsusedformostcompressorblades.A ductilematerial,

however,undercyclicloadingbecomescomparabletoa brittlematerial-
understaticloadinginitssensitivityto surfacediscontinuitiessuch
asthenicksanddentsintheseblades.Inreference2 thestress-
concentrationeffectsofdiscontinuitieson fatigueofmetalsaredis-
cussed.It isv3rtualJyimpossibletoanalyticallydeterminethelocal-
izedconcentrationof stressdueto damagebecausestress-concentration
factorsarefunctionsofvariablessuchas thenotchsharpnessand
depth,specimensizeandshape,workhardening,plasticity,andgrain
size.Thesmallestradiusatthebaseofthenick’ordentisthemost
sensitiveparameteronthestress-concentrationeffectandthisradius
is seldommeasurable.Thebladenicksanddentscouldonlybe classi-
fiedaccordingto depthandspanlocation,whichweremeasuredforevery
defectoneverybladebeforeanytestingwasdone.

VibratoryStressat CriticalSection

To findthenormallocationoffailure,severalundamagedblades
werevibratedata highstresslevelto failure.A resistance-wire
straingagewasthenattachedtoanundamagedbladeatthethickestpart
ofanairfoilsectiononthesuctionsurfaceatthenormallocationof
failure.Theforceoftheairblastwasincreasedin smallincrements,
andthetipdeflectionandthestressatthestraingageweremeasured
foreachincrement.lRromthesemeasurementswasplottedthecalibration
curveoftipdeflectionagainstthemaximumvibratorystressatthe
criticalsectionoftheblade(fig.5). Thisdidawaywiththenecessity
ofmountingstraingagesohallthebladestobe tested;thestressesat
thecriticalsectionweresubsequentlyestimatedby measuringthetip
deflectionanddeterminingthecorrespondingstressfromfigure5.

Thestressdistributionalongthespanoftheairfoilwasfoundby
mountingstraingagesatvariousspanlocationsonthethickestpartsof
thesuctionsurfaceofanotherundamagedblade.

FatigueCurve

Thestressagainstblade-lifecurveforthebladematerial,type403
stainlesssteel,wasestablishedfroma previousinvestigation-inwhich
bladesofthesamematerialfroman engineof-adifferentmakewerefa-
tiguetested.Thiscurveisshowninfigure6 togetherwithsomedata
pointsfromthefatiguetestsoftheundamagedbladesinthisinvesti-
gation.Thedatapointsmatchthestressagainstblade-lifecurverea-
sonablywellsothatit canbe consideredapplicabletothedamagedblades
Theendurancelimitofthebladematerialfromfigure6 isabout68,000
psi.

.
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TestingandAnalysis

Mostofthedamagedbladeswerefatiguetestedwitha nominalstress
b

inthecriticalsectionslightlyabovetheendurancelimitofthemate-
rial. Thishighstresslevelinsuredfailureofallthebladestested.
Thebladeswerevibratedinthefirstbendingmode. Fromthenatural
frequencyandthetimetofailure,whichwasfoundfromthefrequency
chartrecorder,thenumberof cyclesimposedonthebladecouldbe cal-
culated.Thenumberofcyclesrequiredtoproducefailurewascorre-
latedwiththetypeofdsmage(nicksordents),thespanandchordwise
location,andthedepthofthedamage.

To evaluatetheeffectsofdifferentdegreesandlocationsofimpact
damageandto comparetypesofdamage,a factorto indicatethereduc-
tionin strengthwasdevised.Normally,stress-concentrationfactors
wouldservethispurpose,butexperimentaldeterminationof stress-
concentrationfactorsforeachdamagepointrequiresanaccuratetiowl-
edgeofthestressat thedamagepointwhenthedsmagewasnotpresent.
Theonlypointwherethevibratorystressistiownforallthebladesis
at the~-vibratory-stress location.

Reworking

To lesrnwhetherthestrengthofdamagedbladescouldbe restored,
a nuniberofthesebladesweretestedwiththedamagereworked.Nicks
werereworkedby dressingoutthesurfacesofthenickswithfilesand
emeryclothuntilno shsrpedgeswereleft,leavingsmoothlyfaired
indentationsinthemetal.Dentswerereworkedby hammeringandbending
untilthebladesurfacewasstraight.

DISCUSSIONOFRESULTS

StressDistributioninBlades

In orderto seewhetherthenormallocationoffailurecouldbe pre-
dictedanalytically,thevibratory-stressdistributionforthecompressor
bladeusedinthisinvestigationwascalculated.Numericalsummations
ofthemomentsalongtheairfoilspandueto theforcesof inertiawere
computedandwereappllecltotheelementaryflexuralformulafora num-
berofairfoilsections.Thedistributionofthemaximumvibratorystress
determinedinthismanneris showninfigure7. Thecriticalormost
highlystressedsectiononthiscurveisatabout22.5percentofthe
spanfromthebase. At thiscriticalsectionthepointsfarthestfrom
theneutralaxiswereattheleadingandtrailingedgesandthethickest
partofthesuctionsurface;thedistancestotheneutralafiswereabout
equalforallthreepoints.Thevibratory-stressdistributionwillvary .4.
withthebladeshape,andforsomebladesthemaximumstressesmaybe
uniformovera sizeablepartoftheairfoilspan.Thestressdistribution
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obtainedfromthestrain-gagemeasurementsisalsoshowninfigure7.
Thecriticalsectiononthiscurveisatabout28.5percentofthespan
fromthebase. Sincetheanalfiicalcurvewasdeterminedforthe
maximum-stresspointat everysection,whichsometimesoccurredonone
oftheedges,thetwocurvesoffigure7 werenotexpectedto agree
perfectly.Thestressesatthebladeedgeswerenotmeasuredbecause
ofthedifficultyofmountingthegagesatthesepoints.

A blade,whichexceptforthetipregionwasinitiallyundamaged,
wasfatiguetestedtofailuretodeterminethefailurelocation(fig.8).
Inthisbladethecrackstartedatthethickestpartofthesectionon
thesuctionsurface.Inotherundamagedblades,failurestartedatthe
leadingedge.Thespanwiselocationoffailure,regardlessofwherethe
failurestartedchordwise,wasalwaysabout30percentofthespanfrom
thebaseoftheairfoil.Boththeanalfiicalandmeasuredstressdistri-
butionsoffigure7 satisfactorilypredictthecriticalsection,the
experimentalcurvegivingtheclosestprediction.

To checkonwhetherthiscriticalsectionwasa functionoftheway
thebladewasmounted,oneofthebladeswasweldedtoa heavyblockand
vibratedtofailure.Itfailedatthe30-percent-spanlocation,thus
showingthatthetypeofmountinghadno effectonthelocationof
failure.

FatigueofDamagedBlades

Thedamagedbladeswerefatiguetestedat&70,000psiinthecriti-
calsectionorslightlyabovetheendurancelimitofthebladematerial,
type403stainlesssteel.Thereasonsforconductingthetestsatthis
s“tresslevelwereto gusranteefailureandtofindthelocationoffail-
urewithrespectto thecriticalsection.Regardlessofhowmuchdamage
a bladehassuffered,ifthereisno damagepresentat thecriticalsec-
tionandthebladestillfailsthere,thebladefatiguestrengthhasnot
beenadverselyaffectedby thedamage.Ifthedsmagereducestheblade
Ufe ata stressof+70,000psi,itwillreducetheallowablevibratory
stressforanygivennumberof cyclesonthestressagainstblade-life
curve.

FatigueTestResults

Theresultsofthefatiguetestsareshowninfigure9 intheform
ofa distributionofbladefailuresinvariousincrementsof span.
Thepercentofbladesthatfailedbecauseofdamageineachincrement
outofthetotalnumberofbladestestedisshownby thelengthsofthe
bars. Theincrementfrom25to 35percentofthespanfromthebasehad
themostsensitivitytodamage.Over40percentofthetotalnumberof
failuresofdamagedbladesoccurredinthissmallregion.Thiswastobe
expectedsincethecriticalsectionfallswithinthisspanincrement.
The35-to45-percent-spanregionalsoshoweda greatsensitivitytodsmage.
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Neithertherandomnessnor
by figure9. Almostallofthe
thanwherefailureoriginated.
atthe30-percent-spancritical
thoughdamagehadbeensuffered

theamountofbladedamageisindicated
bladessuffereddamageat locationsother “
Therewerealsoa fewbladesthatfailed
sectionathighnumbersof cycleseven
atotherlocations.Thiscanbe seenin

figure10wherethesolidcirclesdenotedamagedefectswherefailure
originated,thesolidsqusresindicatewherefs:lurestartedwhendam-
agedefectswerenotinvolvedinthefailure,andtheopencircles
denotedamagewhichdidnotcausefailure.

Fromfigure10 it canbe seenthatnicksanddentswerescattered
overthewholespanoftheairfoilwiththetipregionhavinga greater
concentrationofdamage.No failureoccurred,however,becauseofdefects
locatedtithin20percentofthespanfromthebaseorwithin25percent
ofthespanfromthetip(ina totalofalmosthalftheairfoilspan).
Figure10 alsoshowsthatthereisa sharpreductioninthebladelife
wheneverfail~meinitiatedat a damagedefect.

In figureI.1theairfoilspanisdividedintothesameincrements
as infigure9,butherethenumberofbladesthatfailedineachincre-
mentis correlatedwiththenumiberofbladesthatsuffereddamageinthat
incrementratherthanthetotalnuniberofbladestested.Figure11 is
probablya fairerbasisforevaluatingthesensitivityof spanlocation
todamagethanfigure9. l?romfigure11 it canbe seenthatinthe
25-to 35-percent-spanregionnesrly90percentofthebladesdamagedin
thatincrementhadfailureoriginatingatthedamage.Inthe35-to45-
percent-spanregionabout70percentofthebladeswithdamageinthis
regionfailedbecauseofthatdamage.

CorrelationofReductioninStrength

Alldsmagedefectsarecomparedthrougha factorbasedonthe
knownmaximumvibratorystressanditslocation.An explanationofthe
strength-reductionfactorisillustratedby thefollowingexamples.It
wasexperimentallydeterminedthatundamagedbladeswhenvibratedat
+70,000psiwouldsustainabout10Scyclesbeforefailure(fig.6). As-
sumea bladehasa defectexactlyatthema~-vibratory-stresspoint.
.Alsoassumethatthebkde wasvibratedata nominalmaximumstressof
A70,000psiandthatthebladefailedin105cycles.Fromthestress
againstblade-lifediagram(fig.6)anundamagedbladewo ldrequirea
vibratorystressofAl14,000psitoproducefailurein1$ cycles.The
strength-reductionfactorforthehypotheticaldamagedbladewouldbe
114,000psi/70,000psi,or1.63.Thestress-concentrationfactorin
thiscasewouldalsobe 1.63,becausetheapparentstress,U.4,000ysi,
is comparedto thenominalstressforanundamagedbladeat thesame
location.

.
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Foranotherexample,assumethatanotherbladesufferedsufficient
damageattheleadingedgeata 50-percent-spanlocationtofailinl&
cycleswhenvibratedatthesamemaximumstressofA70,000psi. The
strength-reductionfactorwouldagainbe 1.63,butwouldnotbe equalto
thestress-concentrationfactor.Theactualstress-concentrationfactor
inthiscasewouldbemuchhigher,becausethenominalstressforan
undamagedbladewouldbe muchlessatthe50-percent-spanlocation,as
showninfigure7. A defectmustbemuchmoreseverewhenconsiderably
removedfromthecriticalsectiontohavethesamedetrimentaleffectas
damageatthecriticalsection.

Thequestionarisesastowhetherthestrength-reductionfactorre-
mainsconstantfordifferentvibratory-stresslevels.As a check,a
damagedblade,whichfrompreviousexperiencewithsimilardamageatthe
samelocationandforthesamedepthwouldbe expectedtohavea strength-
reductionfactorfrom1.6to1.75at+70,000psi,wasrunata stress
levelofM0,000psiatthecriticalsection.Thebladefailedin6x107
cyclesorataneffectivevibratorystressof 68,000psiaccordingto
figure6,givinga strength-reductionfactorof1.7(68,000psi/40,000
psi). Strength-reductionfactorsweredeterminedforallthedsmaged
bladestested.

Infigure
failedbecause

AnalysisofResults

12(a)theresultsofthefatiguetestingofbladeswhich
ofdamageintheregionbetween20and45percentofthe

spanfromthebaseare-shownas a plotofthestrength-reduction-factor
parameteragainstthedepthofthedamage,which,owingtothejagged
natureof someofthenicks,wastheonlypertinentdimensionthatcould
be determined.A bandwasdrawnthroughtheupperandlowerlimitsof
thedatapointsforthefailuresdueto edgenicks.Inthisregioneven
theslightestnicksharplyreducedthestrengthoftheblade.Increasing
thenickdepthover1/32inchdidnotfurtherreducethebladestrength
appreciably.Thereisno differencebetweentheeffectsofleading-edge
andtrailing-edgenicks.Ifthenickisevenslightlyinfromtheedge,
thestrength-reductionfactordropssharply.Inno casewherea nickwas .
morethan1/8inchfromtheedgediditresultinprematurebladefailure.
Thismustbe qualifiedby thefactthatno damagenormallyoccursonthe
suctionsurfaceoftheblade.Conceivably,damageonthesuctionsurface
nearthethickestpartofthecriticalsectioncouldcausepremature
failure,since,foroneoftheundamagedblades(fig.8),failureorig-
inatedinthatregion.Noneofthebladesinvestigated,however,showed
impactdamageonthesuctionsurfacesduetoforeignobjects.

Infigure12(b)theeffectsofnicks,ogtsidethe45-percent-span
region,andofdentsareshown.Thestrength-reductionfactorsforedge
nicksabovethe45-percent-spanregioneitherfellbeloworatthelower

. .. ...— ——— —– -—— .—— . —-...
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fromfigure12(a).Dents,even .
regionarelessseriousthannicksof

comparabledepth.

To findwhateffects,if

Reworking

any,reworkinghasinimprovingthestrength
ofdamagedblades,a nwiberoffatiguetestswereconducted~th theni~ks
anddentsreworked.Onebladewitha dentat36percentspanonthe
leadingedge,whichmighthavebeenexpectedto introducea strength-
reductionfactorof 1.6fromfigure12(b),wasreworkedby hammering
thedentuntiltheleadingedgewasstraight.Theresultingstrength-
reductionfactorwasonly1.09.A secondbladewitha reworkeddentat
thecriticalsectionontheleadingedgewasrunattheendurancelimit
ofthematerialfor108cycleswithoutfailing.

Effortsto improvethestrengthofbladeswithsizeablenicks,while
keepingthereworkedorfiled-outareatoa minimumsoasnottoaffect.
thebladeaerodynamically,wereunsuccessful.Nickswerefiledintwo
undamagedbladesatthecriticalsectionontheleadingedgetoa depth
ofabout1/32inch.Thesenickswerethendressedoutwithfilesand
emeryclothuntilno sharpedgeswereleft,onlya smoothlyfaired
indentationontheleadingedge.Theresultsoffatiguetestingthese
twobladesareshowninfigure12(a).Thereisnodiscernahleimprove-
mentinstrengthdueto thereworkingofthesenicks.

Additionalconclusionscanbe drawnfromthedatapresentedinfigure
12. First,verysmallnicksintheleadingortrailingedgeareextreme-
lydetrimentaltobladelifewhenlocatednearthemadmum-vibratory-
stressregion.Forexample,a O.010-inch-deepnickwhichisrelatively
difficulttodetectuponinspectionwithoutcompletedisassemblyofthe
enginehadanaveragestrength-reductionfactorofabout1.5(fi. 12(a)).

~A bladenormallyvibratingatA70,000Psiwouldsustainabout10 cycles
beforefailure.Witha O.010-inch-deepnick,a bladevibratingatthe
samenominalstressaccordingtofigure6 wouldsustainonly2.3x105
cyclesbeforefailure(70,000x1.5= 105,000psieffecti=stress).This
constitutesa reductioninbladelifeof1000/2.3,or435to 1. Whena
bladewitha O.010-inch-deepnickvibrgtesat~7,000Psi (70J000/1-5)1
it is possibletohavea failurein10 cycleswhiletheundamagedblade
canvibrateindefinitelynearthisstresslevel.Thetimeto failuremay
be relativelyshort,becausetheaverageinlet-stagebladesundergo
106cyclesperhourofvibration,andexitstagesundergoasmanyas
5X106cyclesperhour.

Thehigheststrength-reductionfactorcomputedforthesetestsis
1.8(fig.6). Thisfactwouldindicatethatifthevibratorystresses
couldbe keptwellbelowA38,000psi(70,000psi/1.8)forallbladesat

,
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alltimes,thereisverylittledangeroffatigue
Thisconclusionshouldonlybe acceptedwithsome

I_l

failureresulting.
reservations.It iS -

conceivablethatmoreextensivedamagethanexistedonthe40testblades
maybe encounteredandstillnotproduceimmediatefailure.Also,the
safevibratory-stresslimitindicateddoesnotincludethereduction
causedby additionofothersteady-statestresseswhichatratedspeed
becomeratherhigh,nordoesitincludestressconcentrationswhichmay
be presentinotherbladesifthemaximumvibratorystressislocated
neara basefilletorrootserration.Thedatasuggest,however,that
somesafe,practicallimitoftibratorystressexistsbelowwhichdamage
resultingfromsmallobjectspassingthroughthemeshopeningsofengine-
inletscreenswillnotcausea flighthazard.

Becausea limitedportionofthebladespanis subjecttohighvibra-
torystressesandthereforeexposedtoacceleratedfatigueduetoforeign-
objectdamage,onlypartofthebladeneedbeprotectedtoreducethe
problem.An approachthathasbeenadvocatedforgreaterruggednessof
compressorbladesistofabricatethemina compositestructure.The
materialpropertiesateverypointwouldbe designedtoprotecttheblade
againstlikelycausesoffailureat thatpoint.Thus inordertoprotect
a bladeagainstforeign-objectdamagethosepartsofthebladeswherethe
effectsofdamagewouldbe themostseriouswouldbe composedofmaterial
eithermoreresistantto impactdamageorlessnotchsensitive.

Thisinvestigationwaslimitedby thenumberofdamagedbladesavail-
able.To observetrendstheresultshadtobe compiledinlargeincre-
mentsof spananddegreesofdamage.Iargenumbersofdamagedblades
fromdifferentenginesshouldbe fatiguetestedatvariousstresslevels
to givea betterunderstandingoftheproblems.Overhaulbaseshavinga
continualsupplyofsuchbladescouldeasilyandinexpensivelyassemble
a batteryofpneumaticexcitersandthusobtainvaluabledata.

SUMMARYOFRESUITS

Theresultsofthefatiguetestingofa particularcompressorblade
shapewithtypicalimpactdsmagemaybe summarizedasfollows:

1.Thecriticalormosthighlystressedsectionofanairfoilwas
themostsensitivetodsmage.Thedetrimentaleffectofdsmagedecreased
thefartherthedamagewasfromthecriticalregion.Thecriticalsection
orregioncanbe determinedexperimentallyby vibratinga bladetofailure
ormeasuringthevibratory-stressdistributionalongthebladespanwith
straingages.

..—____ -.--— — —. .—. . —- —.
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. 2.Iiupactdamagewasthemostdamagingatthebladeedges.Nicks
morethan1/8inchfromtheedgeonthepressuresurfacesdidnotcause .
prematurefatiguefailure.Noneofthebladessufferedimpactdamage
onthesuctionsurface.Forthebladeusedintheseteststherewasno
differencebetweentheeffectsofdamageat theleadingandtrailing
edges. .

$
3.Nicksweremuchmoreseriousthandents.Inthevicinityofthe %

criticalsectionevenminuteedgenickssharplyreducedthebladestrength.

4.Theoriginalstrengthofdentedbladescouldbe almostwholly
restoredby reworkingthedents.Attemptstorestorethestrengthof
bladeswithsizeablenicksby reworkingwereunsuccessful.

LewfsFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,March20,1956
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